The technique of Laser Soot-Mie Scattering (LSMS) is utilized to study the effect of fuel volume and ring circulation on the formation and evolution of soot in reacting vortex rings. Propane reacting in air at atmospheric conditions under microgravity is considered. Diffusion flame-vortex ring interaction contains the fundamental elements of flow, mixing, combustion, and soot processes found in practical turbulent reacting flows. Flame-vortex interaction allows these fundamental processes to be studied under more controllable conditions than direct investigation of these elements in practical flames. Soot concentration was found to be higher in regions of lower strain and along the periphery of the reacting vortex rings. No soot was found inside the reacting vortex ring, however soot was enclosed inside the flame zone. Future quantification of these soot concentrations will allow researchers to test their models of soot against these experimental results. In addition, flame-vortex interaction provides an attractive configuration for numerical simulations due to its simplicity than a full calculation of turbulent reacting flows, and yet containing the fundamental processes found in practical reacting flows.
INTRODUCTION
The presence of soot in a reacting flow can contribute to radiative heat loss in flames [16, 30] which can affect the combustion processes, and flame structure and dynamics. Due et al. [11] examined experimentally and numerically the effect of flame structure on soot-inception and that soot-inception is suppressed as flame shifts toward the fuel side. The effects of gaseous additives on soot formation have been studied by Du et al. [12] . Soot is an unwanted source of pollution and needs to be controlled properly for the various industrial applications of turbulent reacting flows. With increased regulatory pressures there is urgent need to find solutions for the reduction of soot, especially in diesel engines. However, there is still no full understanding of the fundamental processes of soot nucleation, growth, and Modeling soot processes can be done in several ways [19] . Empirical model can be used to build correlations that will be useful in extrapolating the results to other conditions that are close to those of the experimental results. Semi-empirical model solves rate equations for soot and use some experimental data. These rate equations include the processes of soot nucleation, soot particle growth, and soot oxidation. Detailed model attempts to predict the whole soot formation process, i.e. from fuel to PAH and to soot, and includes the descriptions of the soot physics and soot chemistry [22, 22, 28, 36] . All models require some adjustments to several parameters, and this makes it difficult to identify any single model that is better than others [19] .
Soot particles can be visualized in several ways. Understanding the physical properties of soot are also important in modeling its optical properties [13] which are necessary for some of the soot diagnostic tools. Laser Soot-Mie Scattering (LSMS) results provide qualitative maps of the soot field and its time evolution [26] . Relative concentration of soot can be visualized using LaserInduced Fluorescence (LIF) [33] . Laser-Induced Incandescence (LII) can provide both qualitative and quantitative soot concentration with some calibration needed [9, 29, [32] [33] . Another quantitative technique is Thermocouple Particle Densitometry (TPD) [25] . Soot structures can be studied using techniques of Transmission Electron Microscope (TEM) [33] and Laser Microprobe Mass Spectrometry (LMMS) [10] .
Flame-vortex interaction provides an ideal candidate for studying soot processes due to its simplicity in flowfield and modeling yet containing the complexities found in turbulent reacting flows. The interaction between fluid dynamics and combustion that occurs in turbulent reacting flows can be investigated in a canonical configuration of a flame-vortex interaction which contains the fundamental elements of flow, mixing, combustion, and soot processes found in turbulent reacting flows. Flame-vortex interaction provides a controlled environment in which these fundamental elements can be studied with much more ease than a direct investigation of turbulent reacting flows. Such simplified flowfield allows the complex processes to be examined closely and yet preserving the physical processes present in practical reacting flows. Furthermore, experimental results from the study of flame-vortex interactions are useful for the validation of numerical simulations and more importantly to deepen our understanding of the fundamental processes present in reacting flows.
The configuration chosen in this study is similar to that used in the analyses of Karagozian & Manda [17] and Manda & Karagozian [24] of their 2-D vortex pair in which both fuel and entrained oxidizer are present. Reacting vortex rings are generated by issuing fuel through an axisymmetric nozzle which has a diffusion flame initially established at the nozzle exit. As the vortex ring emerges from the nozzle exit, it wraps the diffusion flame to generate a burning vortex ring. The burning ring propagates downstream up to a point due to effects of dilatation while consuming the fuel enclosed in the vortex ring. The current configuration has been experimentally studied by Chen [1] , Chen & Dahm [2] [3] [4] [5] and Chen et al. [6] [7] [8] under microgravity conditions. Park & Shin [27] and You et al [35] have also studied this configuration under normal gravity conditions.
The study of soot in the chosen configuration provides means to address the many effects of fluid dynamics and chemistry on the soot processes. Furthermore, the experimental results from this simple configuration can also provide as tests for the numerical simulations of soot processes. The formation and evolution of soot generated by the reacting vortex rings are imaged using the technique of LSMS for various fuel volumes and ring circulations. Propane reacting in air at atmospheric conditions is used in all experiments. This paper examines the hydrodynamic effect on the evolution and formation of soot in reacting vortex rings under microgravity conditions.
EXPERIMENT METHODS

Experiment Drop Rig
All experiments were conducted at the NASA-Glenn 2.2 seconds drop tower facility which can provide g-level of about 10~4. The facility consists of a 8-story building with an airbag in the basement to aid in the deceleration process. Experiment drop package is loaded on the 5th floor unto a drag shield to reduce air drag during the 24-m decent. The whole package is raised to the ceiling of the 8th floor and awaits instructions for the drop sequence from the operator. The existing drop rig of [2] [3] [4] [5] and Chen et al [6] [7] [8] is modified to implement the setup of LSMS to investigate the soot field generated by reacting vortex rings. Refer to Chen [1] for details of the experimental drop rig used in the study of reacting vortex rings. Figure 1 shows the experiment drop package with the LSMS optical setup, test section, nozzle/plenum assembly, CCD camera, and power supply for the spark generator on the top shelf. The bottom shelf houses the vortex generator system which consists of flowmetering valves, fast-acting solenoid valve, shut-off valve, and tubing. A vacuum system, power distributor, video transmitters, and an on-board computer (DDCAS, Dropable Data Acquisition System) are also located on the bottom shelf.
A microgravity experiment generally proceeds by first purging the vortex generator system and nozzle/plenum assembly with fuel. One section of the tubing is filled with pressurized fuel which when released for a very short time (5-100 msec) through the action of a fast-acting solenoid valve generates a vortex ring. By varying the fuel pressure and duration of open solenoid valve, different ring circulations and fuel volumes can be achieved. The combustion chamber, which is made of clear Lucite (20 cm x 25 cm x 25 cm) and open to the atmosphere, is flushed with clean air to remove dust particles and residual fuel. Since the iris diaphragm that separates the fuel and air interfaces does not completely close and with a time lag of 10-15 minutes after the initial purging, re-purging of the nozzle/plenum assembly with fuel is necessary just before the initiation of the drop sequence to achieve successful ignitions.
Prior to the drop, the motor-driven iris diaphragm opens and exposes the fuel to the air. Inter-diffusion (lasting 950 msec) between the fuel and oxidizer generates a diffusion layer which is pulled toward the ignitor inside the nozzle/plenum assembly by opening a vacuum tank (75 cc, initially at 25" of Hg) for a period of 400 msec. Ignition of the diffusion layer is achieved through a spark ignitor. The package is released from the top of the tower. After 10-15 msec of drop time where the diffusion flame has sufficiently stabilized and flattened, the fast-acting solenoid valve opens to release pressurized fuel into the nozzle/plenum assembly to generate a vortex ring. As the vortex ring emerges from the nozzle exit (D = 2 cm dia.), it wraps the already formed diffusion flame to produce a reacting vortex ring. The black and white CCD camera (Sony, XC-75, 640 x 480 pixels) records the flame luminosity over a region of 6 cm x 8 cm (height and width).
Propane-air combustion is studied in all experiments presented in this paper. Ring circulation and fuel volume are varied to study their effect on the evolution and formation of soot in reacting vortex rings under microgravity conditions.
Laser Soot-Mie Scattering System
The LSMS system is composed of two optical setups with one on the drop rig and the other on the 8th floor of the drop tower. The laser system (Fig. 2) is composed of a Nd-Yag laser (Continuum Surelite 1, 6 ns pulse at 10 Hz, and 300 mJ/pulse) that sits at the top of the drop tower and optics to focus the beam unto a fiber optic cable. A harmonic separator extracts the 532 nm from the 1064 nm. The 532 nm beam passes through two turning mirrors, and a negative lens of -50 mm and a 300 mm lens are used to collimate the laser beam. The collimated beam then passes through an iris diaphragm with a central opening of about 10 mm to capture just the central portion of the beam. A 250 mm lens is used to focus the laser beam an inch away from the end of the fiber optic cable. The focus of the beam lies inside a glass vacuum cell that prevents laser breakdown of the air. A 35-m long section of a high-OH content, 1000 um core diameter with 30 jim of cladding thickness, optical fiber delivers the laser pulses (about 8-10 ml/ pulse) from the top of the drop tower to the drop rig. A high power SMA-905 input connector couples the pulsed laser light to the optical fiber.
Soot-mie scattering signals were detected using an intensified CCD camera (Xybion, ISG-250ICCD, 660 x 480 pixels) with a UV lens (f 50 mm, 1:3.5) through a 532 nm filter and imaging a region of 4.3 cm x 5.9 cm (height and width). Power to the intensified CCD camera was provided through a custom built module powered by 28V batteries. This module coupled the video signal and timing signals out of the ICCD camera and gate pulse into the camera intensifier. Video signals from both cameras are sent to on-board fiber-optic video transmitters which are relayed to the top of the drop tower for video recordings on BETA and s-VHS tapes via fiber-optic cables. In order to synchronize the ICCD camera with the laser pulses, a 35-m long BNC (RG58) cable linked the camera system to the delay generators of the laser system. A beam dump is used to eliminate laser light scattering after the formed laser beam passes through the test section. The generated soot-mie scattering signals pass through the 532 nm filter, and are recorded by the intensified ICCD camera with field of view positioned 90 degrees to the laser beam through the aid of a silver mirror due to space constraint.
RESULTS AND DISCUSSIONS
Propane-air combustion cases were examined under microgravity conditions to investigate the effects of fuel volume and ring circulation on the soot field. The conditions for two propane-air cases are F = 80 cm Due to the limitation (running at 10 Hz) of LSMS system, rings with high ring circulations and low fuel volumes were avoided since only a few frames could be recorded on the ICCD camera. In the flame luminosity results, some white regions are present along the bottom side of the boxed frame. These are due to missing pixels. From the LSMS imaging most of the dark regions observed in the flame luminosity results can now be attributed to the presence of soot. The laser power and the ICCD camera gain were set to same values for both cases. This allows a visual comparison of relative soot concentrations between the cases to be conducted.
In the early stage of interaction of case A, dark regions are seen on the forward stagnation region of the reacting vortex ring (1st frame of Fig. 4a ). LSMS images indicate that high concentration of soot appears along the periphery of the reacting vortex ring with less concentration along the forward stagnation point. Due to high straining along the forward stagnation point, soot production is diminished. Strain has the effect of reducing the time available for the processes of soot nucleation and soot particle growth to proceed [18] . In the latter stage of interaction (2nd frame of Fig. 4a) , the upper section of the vortex ring is covered with a very dark region. LSMS results (Fig. 4b) reveal that soot are only located along the ring periphery but inside the flame zone. The ring is no longer moving downstream due to the effect of dilatation. From the soot field of Fig. 4b there is clear indication that there is no high strain field along the forward stagnation point since the relative soot concentration along this region is the same throughout.
With an increase in ring circulation (more than double) and increase in fuel volume (less than double), flame luminosity results of Fig. 5a shows a larger burning vortex ring since there is more fuel released from the nozzle. Moreover, the increase in ring circulation has obviously caused the burning vortex ring to propagate further downstream than the previous case. The fuel volume is still below the limit of overfilled vortex rings (UD between 3.6 and 4.4, Gharib et al [14] ) since the L/D ratio in this case is about 3.5, where L and D denotes the length of column of injected fluid and the nozzle diameter, respectively. The soot field shown in Fig. 5b are very different than those of Fig. 4b . No soot concentration is seen along the forward stagnation point for the sequence of images shown. Due the increase in ring circulation the strain field along the forward stagnation is much higher than the previous case and remains so for a longer period of time because of a larger fuel volume. In these regions of high strain, the flame temperature has decreased to the level below that needed for soot formation but not enough to cause the flame to be extinguished [15] as evidenced in the flame luminosity results of Fig. 5a . Throughout the interaction soot concentration remains along the periphery of the burning vortex ring and inside the flame zone. No soot was observed inside the vortex ring. Soot appears to be present in regions of long residence time that is necessary for the processes of soot nucleation and growth to proceed.
CONCLUSIONS
The soot field in reacting vortex rings were imaged by the method of Laser Soot-Mie Scattering (LSMS) under microgravity conditions. LSMS revealed new insights of the soot field inside reacting vortex rings which could not have been possible from inspection of the flame luminosity results. Soot was not present in regions of high strain and was found to be along the periphery of the reacting vortex ring but inside the flame zone.
Future quantification of soot concentrations, such as Laser-Induced Incandescence technique, in reacting vortex rings should be of great interest to the modeling of soot formation and oxidation. The experimental results can serve as a tests for the soot models developed by researchers. The canonical configuration of flamevortex interaction is ideal for simulating the complex physical processes present in practical reacting flows yet keeping the flowfield and computational domain simple. Computations using this canonical configuration are far less restrictive in time and resources than a full calculation of a turbulent reacting flows. 
